Twitching motility mediated biofilm expansion is a complex, multicellular behavior that 2 enables the active colonisation of surfaces by many species of bacteria. In this study we have 3 explored the emergence of intricate network patterns of interconnected trails that form in 4 actively expanding biofilms of Pseudomonas aeruginosa. We have used high resolution 5 phase contrast time-lapse microscopy and developed sophisticated computer vision 6 algorithms to track and analyse individual cell movements during expansion of P. aeruginosa 7 biofilms. We have also used atomic force microscopy to examine the topography of the 8 substrate underneath the expanding biofilm. Our analyses reveal that at the leading edge of 9 the biofilm, highly coherent groups of bacteria migrate across the surface of the semi-solid 10
immediately behind the raft as "raft trails" and cells within the trail network as "behind the 10 leading edge" (Fig 1A, C) . Our quantitative analyses indicate that cells within the raft head 11 tend to be highly aligned along the longitudinal axis of the cell (orientational coherence, Fig  12   S2 ) and to move in the same direction as their neighbors (velocity coherence) (Fig 2A) . (Fig 2B) . However, the net displacements of 20 the cells in these regions showed median values of 4.70, 1.95 and 2.56 m respectively (Fig  21   2C ). These analyses indicate that cells within the raft head undergo few directional changes 22 whereas cells located within the raft trails and behind the leading edge show more frequent 23 directional changes, which accounts for the reduced correlation between total and net 24 distances travelled. Analyses of time-decays of orientation and velocity direction 25 autocorrelations confirm that cells in the raft head tend to maintain their orientation and 1 direction of travel whereas cells in the trails tend to change their orientation and direction of 2 travel more frequently (Fig 2D, S2) . 3 4 Our visual observations of extended (2000 s) time-series suggest that there is a relatively 5 constant stream of cells moving through the trails toward the leading edge. To explore this 6 further, the distances travelled across 2s intervals (frame to frame) were analysed. These 7 analyses reveal that in any given 2s interval approximately 55% of cells in the raft head, 50% 8 within the raft trails and 40% behind the leading edge traverse distances between 0.1 -1.3 m 9 with the majority of these motile cells travelling between 0.1 -0.4 m / 2 s (Fig S3A) . Our observations indicate that during interstitial biofilm expansion cells appear to be 23 confined to trails of an unknown nature (Video S1). We have found that similar to our 24 observations of interstitial biofilm expansion, twitching motility mediated expansion of the 25 colony biofilm also involves the migration of aggregates of cells at the leading edge that 1 venture into unoccupied territories. Interestingly, migration of these vanguard groups creates 2 a phase-bright trail along which following cells are able to migrate individually or in small 3 groups but remain confined to the trail (Fig 3A, Video S2 ). These phase-bright trails are very 4 similar in appearance to the slime trails that are produced during gliding or flagella-5 dependent swarming motilities (20, 21). Indeed the edges of the expanding P. aeruginosa 6 colony biofilms (Fig 3A, S8C ) bear a striking resemblance to M. xanthus swarms cultured on 7 the surface of solidified growth media (25). 8
9
Our observations suggest that expansion of P. aeruginosa colony biofilms on the surface of 10 solidified nutrient media is very similar to the expansion of interstitial biofilms. In light of the 11 phase bright trails that we observed at the edges of the surface colony biofilms (Fig 3A) , we 12 hypothesised that a similar trail network may exist within interstitial biofilms. To explore this 13 possibility, the media that supported the P. aeruginosa interstitial biofilms was imaged by 14 phase-contrast microscopy ( Fig 3C) . This revealed that the substrate beneath the biofilm 15 contained a series of interconnecting phase-bright trails, that directly correspond to the 16 network of cells that comprised the biofilm prior to washing except at the leading edge where 17 faint phase-bright trails can be seen directly in front of vanguard rafts of cells (Fig 3B-D) . 18 This is likely due to the continued forward migration of the rafts during the interval between 19 imaging the intact biofilm and removal of the cells by washing. 20 21 Interestingly, we found that the phase-bright trails remain visible despite extensive washing. 22
This suggests that the trails may not be comprised of a "slime" substance. We have noted that 23 scratches in the media are phase-bright in appearance when visualised by phase-contrast 24 microscopy and that P. aeruginosa cells that encounter the scratches tend to preferentially 25 9 migrate along them. We therefore considered the possibility that the trails that develop during 1 P. aeruginosa biofilm expansion may be a consequence of physical furrows or grooves in the 2 media that guide cell movement thereby leading to trail formation. biofilms shows that the front edge of the rafts tend to be less visible than the trails (Fig 3C) 12 which is consistent with these being shallower than the trails. These observations suggest that 13 the vanguard rafts migrate over the surface of the media and in the process plough a furrow 14 into the media similar to the action of skis moving across snow. 15
16
Our observations suggest that the presence of an extensive furrow system accounts for the 17 manifestation of the intricate trail network in P. aeruginosa biofilms as they actively expand 18 over solidified nutrient media. To understand how the interconnected furrow system is 19 forged, we used time-lapse microscopy to examine the process by which cells break out from 20 the furrows to form intersecting trails ( Fig 3G, Video S3) . We analysed the formation of 26 21 interconnecting trails across 7 time-lapse series and observed that interconnecting trails are 22 initiated by small groups comprised of on average 9.4 ± 2.4 cells (minimum 5; maximum 15; 23 median 9) that become longitudinally aligned and oriented perpendicular to the trail. We 24 found that these cells became stationary following re-alignment. The constant motion of cells 25 in the trail behind this initial cluster results in some cells coming into direct contact with 1 these perpendicular cells and subsequently re-orienting so that a second layer, of an average 2 of 9.5 ± 2.8 (minimum 4; maximum 17; median 10) longitudinally aligned cells form behind 3 the initial cluster. Continued migration of cells behind this two layered cluster, results in 4 more cells re-orienting with those within the expanding cluster until the supply of cells is 5 sufficient for the newly formed aggregate to commence movement and break away from the 6 trail edge (Fig 3G, Video S3 ). When an advancing raft connects with a neighboring raft or 7 trail, the cells from the two paths merge together, resulting in the formation of the extensive 8 trail network (Video S3). In light of the AFM data, these observations suggest that the co-9 ordinated action of an assembled aggregate with a constant supply of cells is required to 10 breach the lip of the furrow in order to create a new furrow that then intersects with other 11 furrows to form the intricate lattice-like network of trails. Our observations also suggest that 12 a continuous supply of cells to these "bulldozer" aggregates is required to enable them to 13 breach the lip of the furrow and to migrate into virgin territory. 14 15 Extracellular DNA facilitates twitching motility mediated biofim expansion 16
As biofilms of P. aeruginosa contain large quantities of eDNA (26-30) and the tfp of P. 17 aeruginosa have been shown to bind DNA (31) we explored the possibility that eDNA may 18 also contribute to the twitching motility mediated biofilm expansion. We have found that 19 incorporation of the eDNA degrading enzyme DNaseI into the nutrient media significantly 20 decreased twitching mediated expansion of P. aeruginosa colony biofilms by 76% 21
( Supplementary Information, Fig S8) . Fluorescence microscopy of interstitial biofilms 22 cultured in the presence of the eDNA stain TOTO-1 revealed that these contain numerous 23 bright punctate foci of eDNA from which tendrils of eDNA emanated, and that beyond these 24 bright foci, eDNA is present at low levels throughout all areas of the interstitial biofilm (Fig  25 4A -E, Supplementary Information, Fig S8) . Time-lapse imaging revealed that as a 1 consequence of cells translocating through areas of high eDNA content, the eDNA becomes 2 re-distributed within the biofilm, forming thin tendrils of eDNA radiating from the foci and 3 aligned with the direction of cell migration (Fig 4E, Video S4) . Interestingly, incorporation of 4 DNaseI inhibited the formation of the intricate network of trails (Fig 1G, S8) . 5 6 To explore the role of eDNA in P. aeruginosa biofilm expansion, time series of interstitial 7 biofilm expansion in the presence of DNaseI were captured at 1 frame /2 s. Visual inspection 8 of 1000 frame time-series showed that in the presence of DNaseI, cells at the leading edge 9
were arranged in vanguard rafts that were similar in appearance to the rafts formed in the 10 absence of DNaseI (Fig 1E, Video S5 ). However, in the presence of DNaseI the rafts showed 11 very little outward migration compared to biofilms cultured in the absence of the enzyme 12 (Video S5). Behind these rafts, cells were arranged haphazardly in broad paths fringed by 13 stationary, laterally aligned cells that are oriented with their major axis perpendicular to the 14 path ( Figs 1G, S8G ). Cells within the broad paths showed regions of densely packed 15 misaligned cells that appeared to be caught in traffic jams and exhibited little to no 16 movement, whereas in less dense areas individual cells were able to move (Fig 1H, Video  17 
S5). 18 19
To better understand the influence of DNaseI on biofilm expansion, cell movements in 100 s 20 of the time-series were tracked (Fig 1F, H) and quantitatively analysed. These analyses 21 revealed that the presence of DNaseI significantly reduced both the total and net distances 22 translocated by individual cells in the expanding biofilm, compared to biofilms cultured in 23 the absence of the enzyme (Fig 2B, C) . Within the raft head, in the presence of DNaseI, cells 24 displayed median total and net distances of 2.02 and 0.62 m respectively, 1.96 and 0.46 m 25 within the raft trails and 1.60 and 0.29 m behind the leading edge (Fig 2B, C) . We have 1 further explored the impact of DNaseI on cell movements by comparing net displacements 2 exhibited by the cells as a ratio of the total distance travelled in sub-groups of cells separated 3 according to the total distances travelled when cultured in the presence or absence of DNaseI 4 (Fig S3B) . These analyses reveal that whilst DNaseI significantly reduces the distances 5 traversed by the majority of cells, there remains a small proportion of cells that can travel 6 considerable total distances. However, the presence of DNaseI significantly reduced the net 7 displacements of these highly motile cells indicating that these cells often alter their direction large total distances in the presence of DNaseI, the frame-to-frame movement (2 s intervals) 20 of all cells over 100 s were examined. It is evident from these analyses that in the presence of 21
DNaseI that approximately 90% of cells in both the leading edge and behind the leading 22 edge, are almost completely stationary, travelling in any given 2 s < 0.1 m (Fig S3A) . 23
However, in any 2 s, there is also a small proportion of cells that are capable to travelling up 24 to 1.3 m (Fig S3A) . Interestingly, when the populations of cells that travel at distances > 0.6 25 m in any 2s are looked at more closely, it is evident that the distribution of highly motile 1 cells appears quite similar in both the presence and absence of DNaseI (Fig S3A) which 2 suggests that eDNA likely does not necessarily act as a slippery "slime" to lubricate 3 individual cell movements. 4
5
We have often observed in our time-lapse movies of interstitial biofilm expansion that when 6 a raft separates from the biofilm its rate of migration slows, and at times ceases, until it is 7 reconnected with a supply of cells from the biofilm. This suggests that a constant supply of 8 cells to the outer edge of the expanding biofilm is required to maintain movement of the 9 vanguard rafts as they translocate into virgin territory. In the presence of DNaseI, however, 10 the supply of cells to the leading edge rafts from the biofilm is not continuous and can In the presence of DNaseI, cells appear to be located within broad tracks edged by laterally 17 aligned cells (Fig 1G) . Phase contrast imaging of washed interstitial biofilms reveals the 18 presence of broad phase-bright tracks that correspond to the populated regions of the biofilm 19 (Fig 4F, G) . AFM revealed that inclusion of DNaseI to the media produces broad furrows 20 with high walls that are consistent with the phase-bright tracks (Fig 4H, I , S4-5; See 21
Supplementary Information). AFM shows that in the presence of DNaseI, rafts are often 22 situated within deep furrows with steep ramps to the surface (Figs 4F, S6C ; See 23
Supplementary Information). Interestingly, we observed that when cells in interstitial 24
biofilms were killed with paraformaldehyde prior to washing and imaging by AFM, that the 25 ramps to the surface were no longer present and instead it appeared as if the rafts had sunk 1 into the media and were surrounded by steep walls (Fig S6E, F) . Our AFM data, taken 2 together with our detailed analyses of cell movements, suggest that eDNA serves to direct 3 traffic flow throughout the furrow network to efficiently supply cells to the leading edge rafts 4 in order for them to attain sufficient speed to skim across the surface and avoid sinking into 5 the semi-solid media. Close-packing of rod-shaped anisotropic objects leads to nematic order in suspensions of 14 self-propelled particles (active suspensions) (34). However, this alone does not account for 15 the emergence of the intricate network of trails that forms in actively expanding P. 16 aeruginosa interstitial biofilms. In this study, the use of sophisticated computer vision and 17 cell tracking along with AFM, provided novel insights into the mechanisms that contribute to 18 emergent pattern formation in biological systems. We have identified additional layers of 19 complexity over the basic tendency for nematic alignment in dense collectives of rods. 20
Firstly, there is the formation of the furrow network, which is a pattern more complex than a 21 nematic liquid crystal. Our observations suggest that during interstitial biofilm expansion, the 22 bacteria are tunneling through the interface between the glass substrate and the semi-solid 23 media, and it is possible that the observed furrow network is an emergent consequence of the 24 mechanical interactions between the self-propelled nematic liquid crystal pushing against the 25 soft gel, causing it to locally de-bond from the glass surface. Secondly, we have found that 1 eDNA appears to be crucial in assembly and co-ordinating the collective behavior of cells in 2 "bulldozer" rafts that forge the furrows as well as in preserving the integrity of the network 3 structure once it has been formed. These physical mechanisms coupled with the active 4 nematogenic behaviour of rod-shaped bacterial cells lead to the formation of dramatic 5 interconnected network of trails during interstitial biofilm expansion by P. aeruginosa. 
